Abstract-Impact is universal phenomenon in mechanical system with clearance. In order to accurately describe the effect of impact between journal and bearing in clearance joint, an improved contact force model is presented in this work, which assumes the coefficient of restitution during impact is varied, and sets up the modeling of restitution coefficient related to initial impact velocity and yield strength of material. Then the improved contact force model is validated based on a great number of numerical simulations and a typical pendulum experimental test rig, the numerical results are in reasonable agreement with those experimental results, furthermore, the relative errors are all no more than 10% between numerical and experimental results. It can be concluded that the improved contact force model is effective, and can exactly describe the impact effects between two bodies in mechanical system.
I. INTRODUCTION
It is well known that the clearance is inevitable between adjacent two parts in mechanical system due to errors caused by design, manufacture, and assembly, as well as demand of relative motion [1] , which lead to the contact and impact are universal phenomenon in multibody systems. And also makes the value of impact force between two parts with relative motion, such as journal and bearing, is enlarged obviously, which further lead to vibration, shock and nonlinear of system's dynamic appearance, even cause failure of the whole mechanical system [2] [3] [4] [5] . Therefore, it can be concluded that the accurate modeling of impact is critical for dynamic simulations of mechanical systems.
Over the several past decades, a great number of researchers all over the world focus on the modeling and analysis of impact and its effect on the dynamic of multibody systems, several different contact force models have been presented to represent impact effects between two bodies, especially in clearance joint such as journal and bearing [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The classical pure elastic contact force model was present by Hertz [6] . Liu et al. extended the Hertz's model [7] , and introduced another pure elastic contact force model, which has a wider application range than the Hertz's model. In order to overcome the drawback of pure elastic contact force model, several dissipative contact force models have been published. Hunt and Crossley presented a dissipative contact force model with a nonlinear viscoelastic term related to restitution coefficient and initial impact velocity [8] . Lankarani and Nikravesh further improved the model of Hunt and Crossley, and introduced another contact force model, which is most popular and frequently used [9] . Gonthier et al. [10] , Zhiying and Qishao [11] , Flores et al. [12] , Bai and Zhao [13] , Wang and Liu [14] also proposed different dissipative contact force models, which have a wide range of restitution coefficient.
But for all these impassive contact force models above, the restitution coefficient is assumed to be a constant value. In fact, the coefficient of restitution is related to the parameters of material, structure, initial impact velocity, even the yield strength of material. So the published impassive contact force models above are approximate. Thus, this research is mainly devoted to study the influence factors of restitution coefficient during impact process, and then modeling and analysis for the frictionless impact between adjacent two parts with relative motion in mechanical system.
II. AN IMPROVED CONTACT FORCE MODEL
As illustrated above, the coefficient of restitution is defined as constant parameter in contact force models [6] [7] [8] [9] [10] [11] [12] [13] [14] . In fact, restitution coefficient is related to the parameters of material, structure, initial impact velocity, even the materials' yield strength.
Stammers et al. presented a restitution coefficient based on initial velocity of impact [15] , which can be calculated as
where v is the initial impact velocity.
From the experimental results, Zhang and Sharf find that the Yield strength of material also has obvious influence on the impact effects, and need to be considered in the calculate of impact [16] .
In order to consider the influence of initial impact velocity and the materials' Yield strength on the restitution coefficient, as well as the impact force, the paper extends the works of Wang and Liu [14] , Stammers et al. [15] , and Zhang and Sharf [16] , then introduces an improved impact force model, which is evaluated as
where, i K is the contact stiffness, δ is the relative indentation, ) -( δ  is initial impact velocity, δ  is the relative velocity between two parts of impact, and r c is the modified coefficient of restitution, which can be written as [16] , which contains a steel ball, a cylindrical specimen and an accelerometer, as well as a digital video camera with a frame rate of 1000 frames/s. The steel ball is released from a pendulum angle, and the cylindrical specimen is fixed with platform as depicted in Fig.1 . The initial and depart velocity are measured by the digital video camera, and then the coefficient restitution is also formulated. Meanwhile, by measuring the acceleration of the steel ball during impact process, the impact force between the surface of steel ball and cylindrical specimen is also can be formulated from the Newton's second law as F=ma, where m and a are the mass and acceleration of steel ball, respectively.
In order to study the effects of Yield strength of material on the restitution coefficient and impact force, two different materials of cylindrical specimen (C1 and C2) are selected as shown in Table 1 . As described in Table 2 and Fig. 2 , (1) with the increase of initial impact velocity, the depart velocity of specimen C1 and specimen C2 are all decreased, which is coincident with the results of application1. (2) Although the initial impact velocity is identical, the value of velocity after impact based on C1 is larger than C2 all the time, which is due to the material's yield strength of C1 higher than C2. Table 3 and 4 illustrate the experimental and numerical results for C1 and C2, it can be identified that with the increase of initial impact velocity, the relative errors of C1 and C2 are also changed, but the values are less than 10%, which further validated the improved model presented above. Meanwhile, it also can be concluded that the yield strength of material has obvious influence on the restitution coefficient of impact, the higher value of Yield strength, the larger coefficient of restitution. Figs. 3 to 5 show the experimental and numerical results of impact force during impact process, where the solid line is the results based on C1, and the dotted line represented the results of C2. It is clearly that (1) the impact forces of numerical and experimental have similar change regulation, the higher initial impact velocity, the larger impact force, but lower impact time consumed. (2) The maximum values of impact forces based on C1 are larger than those of C2, which is due to the yield strength of C1 is larger than that of C2. It is clear that the relative error between numerical and experimental results is no more than 10%, which can be illustrated clearly in Table 5 and Table 6 . 
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IV. CONCLUSION
The work presented an improved contact force model, which is obviously different from existing models, that is, the coefficient of restitution is related to initial impact velocity and the yield strength of material.
A typical pendulum experimental test rigs is applied to validate the improved contact force model, which is direct impact between a steel ball and a cylindrical specimen with different materials. And corresponding numerical results based on the improved model are also presented and compared. The results illustrated that the numerical results are in reasonable agreement with those experimental results, and the relative error for impact force and restitution coefficient are all no more than 10%, which means the improved contact model can effectively describe the impact process, no matter what kind of initial impact velocity and material of impact body.
It is important to note that the results presented in the work do not consider the plastic deformation during impact process, which will be considered seriously in our future researches.
